Dendritic cells (DCs) are permissive to murine norovirus (MNV) infection in vitro and in vivo. However, their roles during infection in vivo are not well defined. To determine the role of DCs during infection, conventional DCs were depleted from CD11c-DTR mice and infected with a persistent MNV strain. Viral titres in the intestine and secondary lymphoid organs were determined at early time points during infection, and anti-MNV antibody responses were analysed later during infection. Depletion of conventional DCs resulted in increased viral loads in intestinal tissues, impaired generation of antibody responses, and a failure of MNV to efficiently infect lymphoid tissues. These data suggest that DCs play multiple roles in MNV pathogenesis, in both innate immunity and the efficient generation of adaptive immune responses against MNV, as well as by promoting the dissemination of MNV to secondary lymphoid tissues. This is the first study to probe the roles of DCs in controlling and/or facilitating a norovirus infection in vivo and provides the basis for further studies aimed at defining mechanisms by which DCs control MNV replication and promote viral dissemination.
INTRODUCTION
Murine norovirus (MNV) is a small non-enveloped, plussense RNA virus in the genus Norovirus within the Caliciviridae family (Karst et al., 2003) . This gastrointestinal virus is the single most widespread pathogen found in research mouse colonies worldwide (PritchettCorning et al., 2009) . In vitro, MNV productively infects mononuclear antigen-presenting cells including macrophages, dendritic cells (DCs) (Wobus et al., 2004) and microglia (Cox et al., 2009) . In vivo, MNV alters DC populations (Chen et al., 2011) . Although wild-type mice show little to no outward signs of MNV infection (Mumphrey et al., 2007) , confounding effects of several MNV strains on biomedical research have been described (Cadwell et al., 2010; Lencioni et al., 2008; Paik et al., 2011) . Several of these confounding effects have been linked to disrupted DC and macrophage function in MNVinfected animals (Lencioni et al., 2008; Paik et al., 2011) .
The earliest description of MNV established a critical role for interferon (IFN) signalling in providing protection from a potentially lethal MNV-1 infection (Karst et al., 2003) . More recent studies have found that IFN-a/b responses limit the replication of the tissue-culture adapted strain MNV-1 in lysozyme M-(e.g. macrophages) and CD11c-(i.e. DCs) expressing cells in vivo (Thackray et al., 2012) . Antibodies are required for clearance of MNV-1 (Chachu et al., 2008b) , whereas CD4
+ and CD8 + T-lymphocytes limit peak levels of MNV-1 replication and facilitate the efficient clearance of MNV, respectively, but are not absolutely required for clearance (Chachu et al., 2008a) . However, the role(s) of DCs during MNV infection remain unknown.
DCs, the most potent class of antigen-presenting cells, are widely distributed throughout the body and are found in lymphoid tissues, such as the spleen and lymph nodes, as well as in peripheral tissues including the intestinal tract. Within intestinal tissues, DCs exist within Peyer's patches and isolated lymphoid follicles and are scattered throughout the lamina propria (Rescigno, 2010) . Intestinal DCs have critical roles in promoting immunity to intestinal pathogens but must avoid generating pathological immune responses against food antigens and commensal microbes (Denning et al., 2007) . In addition, certain subsets of DCs extrude dendrites between intestinal epithelial cells to the intestinal lumen and may provide an initial point-ofcontact for incoming pathogens (Niess et al., 2005) . Despite the importance of DCs within the intestine and their ability to support MNV replication, the roles of DCs in MNV infection in vivo are unknown. As cells with critical functions in innate antiviral immunity in general (Kassim et al., 2006) and MNV in particular (Thackray et al., 2012) , and the ability to prime adaptive immune responses in vivo (Jung et al., 2002) , DCs likely play important roles in controlling MNV replication and inducing anti-MNV immune responses. Conversely, while both macrophages and DCs are found in subepithelial tissues, DCs are the only cell type permissive for MNV known to make direct contact with the intestinal lumen (Niess et al., 2005) and may have critical roles in the establishment and dissemination of MNV infection.
The goal of this study was to determine the role(s) of conventional DCs (cDCs) during MNV infection by studying MNV pathogenesis in transgenic CD11c-DTR mice. These mice express a high-affinity simian diphtheria toxin (DT) receptor under the control of the murine CD11c promoter (Jung et al., 2002) . CD11c is an integrin that is predominantly expressed by DCs, and when exogenous DT is administered to CD11c-DTR mice, DCs are systemically ablated (Jung et al., 2002) . Importantly, cDCs, which are most classically known for their antigenpresenting functions, are efficiently depleted in these mice, whereas plasmacytoid DCs, which express low levels of CD11c and are known for their ability to rapidly secrete large quantities of type I IFN, remain intact (Sapoznikov et al., 2007) . In this study, cDCs were depleted from mice, and MNV infection was analysed in the absence of cDCs. The results demonstrated that following depletion, MNV viral titres in intestinal tissues were increased early during infection, and mice had defects in the subsequent generation of anti-MNV antibody responses. In addition, cDCs were absolutely required for the efficient dissemination of MNV to secondary lymphoid tissues within the first 48 h following infection. Together, these data suggest that while cDCs play important roles in immunity to norovirus infection, MNV exploits the natural biology of cDCs to rapidly disseminate within the host.
RESULTS

DC depletion increases MNV titres within intestinal tissues
To determine the role of cDCs during MNV infection, CD11c-DTR mice were depleted of cDCs and orally infected with MNV strain CR3. CR3 was isolated from the faeces of mice and is shed from mice for at least 35 days (Thackray et al., 2007) . Efficient cDC depletion in these mice initially occurs 18 h after DT administration (Probst et al., 2005) . To confirm the efficient depletion of DCs from lymphoid and intestinal tissues throughout the experimental time course, CD11c-DTR mice were injected with DT or PBS and the presence of DCs in spleens, mesenteric lymph nodes (MLNs), and intestinal tissues was determined by flow cytometry after 66 h [i.e. the time point equivalent to 48 h post-infection (p.i.)]. The 66 h time point was selected because this is the time by which DCs are reported to begin repopulating tissues by differentiating from the bone marrow (Probst et al., 2005) , and because this was the latest time point employed in studies of acute MNV infection (see below). Therefore, the depletion observed at the 66 h time point represented the minimal depletion that occurs during the acute MNV experiments. By administering a single intraperitoneal injection of 100 ng DT per mouse, CD11c + DCs were efficiently depleted from spleens (~70 % depletion), MLNs (~55 % depletion) and small and large intestinal tissues (~75 % depletion) (Fig. 1) .
To determine the role of cDCs in controlling MNV within intestinal tissues, DT-or PBS-treated CD11c-DTR mice were orally infected with CR3 18 h after DT treatment, and tissues of the intestinal tract were collected at 24 and 48 h p.i. (or 42 and 66 h after DT administration). By 24 h p.i., the amount of infectious virus within the caeca of mice that had been depleted of cDCs was significantly increased (~20-fold) (Fig. 2a) . By 48 h p.i., titres in the caeca were similar in DC-and mock-depleted mice, but DT-treated mice showed .15-to 30-fold increases in the amount of infectious virus throughout the small intestine (Fig. 2b) . No significant changes were observed in viral titres in the colon at either time point in both treatment groups (Fig.  2a, b) . Furthermore, there was no effect of DT administration in wild-type mice at 24 h (Fig. 2c) or at 48 h with the exception of the proximal ileum (Fig. 2d) . MNV titres in the proximal ilea of DT-treated wild-type mice were slightly increased (,9-fold) relative to PBS-treated animals ( Fig. 2d ), but titres in the proximal ilea of CD11c-DTR mice were increased to a greater degree (.15-fold) in DTtreated mice (Fig. 2b ). This suggested that the majority of the toxin's effects observed in CD11c-DTR mice were mediated by DC depletion. Taken together, these data showed that DC depletion increases MNV replication within intestinal tissues and suggests that DCs are critical for limiting MNV replication in the intestine.
DCs are required for dissemination of MNV to secondary lymphoid tissues
Since cDC depletion led to increased MNV replication in the intestine, we next sought to determine the extent to which cDCs control MNV replication in secondary lymphoid tissues, specifically the spleen and the MLNs, which drain the intestinal tract. Infectious virus was measured in the spleen and MLNs from the same animals described above. Interestingly, no infectious virus was ever recovered from either the spleen or MLNs of CD11c-DTR mice depleted of DCs (Fig. 3a, b ). This was in contrast to up to 3.5 logs infectious virus in the MLNs of PBS-depleted CD11c-DTR mice at 48 h p.i. (Fig. 3b) . While similar trends were observed for the spleen, MNV titres in the spleens of depleted and non-depleted CD11c-DTR mice did not reach statistical significance at 24 or 48 h p.i. (Fig.  3b) . DT administration did not impair dissemination of MNV to lymphoid tissues in wild-type littermates (Fig. 3c,  d ). These data suggested that dissemination of MNV to secondary lymphoid organs required, and was mediated by, cDCs.
DC-depleted mice have increased MNV shedding in faeces
The cell type and location of MNV shedding are unknown. To determine whether cDCs were an important source of transmissible virus, cDC-depleted and non-depleted CD11c-DTR mice were infected with MNV as described above, and viral shedding in faeces was determined by measuring viral genomes in faeces by quantitative reverse transcription PCR (qRT-PCR) at 1, 2, 4, 7, 21 and 28 days p.i. (Fig. 4) . Viral shedding in cDC-depleted mice was significantly increased at 2 days p.i., but became similar to shedding in non-depleted animals thereafter. These data demonstrate that transient DC depletion does not prevent shedding of MNV in faeces. Instead, increased numbers of viral genome were shed in the faeces of depleted mice, which is likely a result of increased viral replication within the intestinal tract.
DCs are required for the efficient generation of antibodies against MNV
In addition to their functions in innate immunity, DCs are important stimulators of adaptive immune responses (Jung et al., 2002) . To determine whether cDCs contribute to adaptive immune responses against MNV, DC-depleted and non-depleted CD11c-DTR mice were infected with MNV, and anti-MNV IgG in the serum was measured prior to infection and 4, 7, 14, 21 and 28 days p.i. by ELISA. In the absence of cDCs, mice had significantly less anti-MNV IgG for the first 2 weeks following infection (Fig. 5a ). In addition, when sera from CD11c-DTR mice depleted of cDCs were tested for their ability to neutralize MNV infection in tissue culture, sera had significantly decreased ability to neutralize MNV at 4 and 7 days p.i. (Fig. 5b) . These data suggested that the generation of neutralizing antibodies was delayed and indicated that cDCs are critical for the efficient generation of antibody responses against MNV.
DISCUSSION
MNV represents a versatile model for the analysis of mechanisms of pathogenesis and immunity for a norovirus in its natural host (Wobus et al., 2006) . While the roles of IFN, B-cells and T-cells have been described previously (Chachu et al., 2008a; Chachu et al., 2008b; Mumphrey et al., 2007; Thackray et al., 2012) , this is the first study to describe the dual role of cDCs in both controlling and promoting MNV infection. Furthermore, this study elucidated distinct roles for cDCs in innate and adaptive immunity and the dissemination of MNV. 
Effects of DC depletion on MNV infection
A main finding of this study was that MNV titres in the intestinal tract were increased significantly for the first 48 h following MNV infection in mice depleted of cDCs (Fig. 2) . While cDCs are best known for their ability to present antigen and prime T-cells (Jung et al., 2002) , they also possess important roles in innate immunity (Kassim et al., 2006; Loof et al., 2007) . For example, cDCs are important producers of type I IFN at early times following adenovirus infection (Fejer et al., 2008) . Since IFN are important for protection from MNV lethality (Karst et al., 2003) , and type I IFN responses within macrophages and DCs limit MNV infection in vivo (Thackray et al., 2012) , it is likely that a lack of cDC-derived IFN in the intestinal tissues resulted in the observed increase in MNV replication. Due to the short time frame, it is unlikely that the observed increases in viral titres were the result of impaired T-cellmediated immunity from a lack of antigen presentation.
An alternative explanation for the increased viral titres within the intestinal tract is that MNV could have increased replication within cells that are recruited to tissues in which DCs have been depleted. However, we think that this alternative is less likely. First, it has recently been shown that CD11c-DTR mice undergo a strong neutrophilia within the first 72 h following DC depletion (Tittel et al., 2012) ; however, there is no evidence that MNV is able to replicate within neutrophils. Secondly, CD11b + CD11c 2 myeloid cell populations (which could include macrophages, monocytes and neutrophils) were quantified in PBSand DT-treated mice in the current study, and although the proportion of these cells was increased by roughly threefold in the spleen and MLNs, intestinal tissues had only a slight increase (1.2-1.4-fold) in the proportion of CD11b DT (11) PBS (6) DT (7) PBS (8) DT (7) PBS (6) DT ( i. Viral titres were determined by plaque assay. The number of mice in each group is indicated in parentheses. Data are shown as mean±SEM for three independent experiments. The dashed line indicates the limit of detection. *P,0.05, **P,0.01, ***P,0.001. (Fig. 3) . The most plausible explanation for this finding is that cDCs were infected by MNV in either the lamina propria or in the Peyer's patches and subsequently migrated to the draining MLNs of non-depleted mice while carrying infectious virus. CD103 + DCs constitutively migrate from the intestine to MLNs and are thought to play a role in maintaining tolerance to commensal bacteria and/or foodderived antigens (Coombes et al., 2007) . These cells have previously been implicated in facilitating the dissemination of a non-invasive strain of Salmonella from the intestinal tract to the MLNs (Bogunovic et al., 2009 ). In addition, migratory DCs have been demonstrated or implicated to promote dissemination of viral pathogens as well, including influenza virus (Moltedo et al., 2011) , human immunodeficiency virus (Geijtenbeek et al., 2000) and the enteric pathogen mouse mammary tumour virus (Courreges et al., 2007) . Taken together, these studies support the hypothesis whereby migratory DCs provide a mechanism by which MNV disseminates from the initial sites of replication to the draining MLNs. However, future studies are needed to test whether CD103 + DCs or other subsets of migratory DCs provide the mechanism for dissemination of MNV in vivo.
Our data also provide evidence that MNV replication in DCs is not required for MNV shedding. Similar or higher amounts of MNV genomes were detected in the faeces of PBS (9) DT (11) PBS (6) DT (7) PBS (8) DT (7) PBS (6) DT ( DC-depleted mice compared with non-depleted mice (Fig.  4) , suggesting transient DC depletion was insufficient to limit MNV transmission. In addition, replication of MNV in the MLNs was not required for MNV shedding early during the infection since MNV was unable to replicate in the MLNs during the first 48 h following infection (Fig. 3) at times when MNV shedding occurred (Fig. 4) . Interestingly, the significant increase in MNV shedding observed on day 2 was temporally associated with an increased amount of infectious MNV within the intestines (compare Figs 2 and  4 ). This transient increase in shedding was likely due to the transience of cDC depletion in the CD11c-DTR model (Probst et al., 2005) . Thus, as cDCs repopulated the tissues over time, 'normal' control of MNV replication was probably restored and MNV shedding reduced to amounts found in the faeces of non-depleted mice. Future studies are needed to determine the mechanism of MNV shedding.
Beyond the immediate effects of transient cDC depletion on innate immunity to MNV and dissemination to secondary lymphoid tissues, DCs were also required for the efficient generation of an antibody response against MNV (Fig. 5) . There are several possible mechanisms that may underlie the observed impairment of an antibody response against MNV. Since DCs are important for priming CD4 + T-cell responses (Lemos et al., 2003) , it is likely that T-cell responses against MNV are impaired in DC-depleted mice. However, CD4
+ T-cells are not required for clearance of the acute, laboratory-adapted strain MNV-1 (Chachu et al., 2008a) , while B-cells are required (Chachu et al., 2008b) , suggesting that B-cell responses to MNV can occur in the absence of CD4 + Tcell help. If this is the case, then it is possible that the impaired antibody response observed in depleted animals was not due to impaired antigen presentation. However, it is important to note that this study used the field isolate, CR3, which is not cleared from wild-type mice (Thackray et al., 2007) . Thus, the role of T-cells in B-cell activation may differ between MNV strains. In our study, we found that serum concentrations of anti-MNV IgG were reduced in DT-treated mice, while the ability of their sera to neutralize MNV occurred to a similar extent, albeit with delayed kinetics, relative to PBS-treated controls (Fig. 5b ). This supports a role for DC in the generation of a T-celldependent antibody response. It is also possible that B-cell responses were impaired because of a lack of MNV antigen within the MLNs in DC-depleted mice. If this is the case, then the 'failure' of MNV to disseminate may not have been beneficial for the host, but instead might have resulted in weaker control of MNV by the adaptive immune system. Alternatively, DCs may produce cytokines that are necessary for the optimal activation of B-cell responses (Zhu et al., 2007) . DC-dependent antibody responses to influenza (Gonzalez et al., 2010) and Friend murine leukemia virus (Browne & Littman, 2009 ) have been described to require diverse DC functions including pathogen detection and antigen transport. However, the exact role of DCs in promoting B-cell responses to MNV remains unknown.
Overall, we have found evidence that DCs have differing roles at distinct anatomical sites during MNV infection. DC depletion led to impaired control of MNV replication within the intestinal tract and weaker and slower antibody responses, but DCs were required for the rapid dissemination of MNV to secondary lymphoid tissues. These studies highlight a critical innate role for cDCs in controlling norovirus replication within intestinal tissues, while reinforcing the idea that enteric viruses can exploit cDCs to facilitate their dissemination within the host.
METHODS
Cell culture, mice, and virus. RAW 264.7 cells were purchased from the ATCC and maintained as described previously (Wobus et al., 2004) . Wild-type C57BL/6 mice were purchased from the Jackson Laboratory (000664). CD11c-DTR mice (Jung et al., 2002) were purchased from the Jackson Laboratory (004509) and bred at the University of Michigan animal facilities. All mice in this study were cared for and used in accordance with federal and university guidelines. All mice were tested for anti-MNV antibodies by ELISA as described previously (Wobus et al., 2004) and were seronegative. MNV strain CR3 (GV/CR3/2005/USA) was used at passage 6 (Thackray et al., 2007) . For in vivo infections, CR3 lysate was concentrated by ultracentrifugation and resuspended in PBS as previously described (Chachu et al., 2008b) . A mock lysate was similarly concentrated and used as control.
DC depletion and MNV infection. DCs were depleted from CD11c-DTR mice by intraperitoneal injection of 100 ng DT in a volume of 50 ml PBS per mouse (John et al., 2009) . Control mice received an injection of PBS instead. Eighteen hours after DT or PBS treatment, mice were orally infected with 7.5610 6 p.f.u. CR3 in a volume of 25 ml PBS or an equal volume of concentrated mock lysate.
Leukocyte isolation. To determine depletion efficiency, spleens, MLNs and small and large intestines were removed from DT-or PBStreated CD11c-DTR mice 66 h after DT administration. Spleens and MLNs were finely minced, digested using 2 mg collagenase D ml 21 (Roche) for 30 min at 37 uC, and disrupted by pushing through 40 mm cell strainers to obtain single-cell suspensions. Red cells were lysed by treating splenocytes with ACK lysing buffer (BioWhittaker) for 5 min at room temperature. To obtain intestinal leukocytes, intestinal tissues were washed extensively and minced. Lamina propria mononuclear cells (LPMCs) were isolated from large intestines as described previously (Franchi et al., 2012) . LPMCs were isolated from small intestines in a similar manner. Small intestinal tissues were treated with 1 mM dithiothreitol for 15 min to remove mucus. Intestinal tissues were then washed three times with 5 mM EDTA at 37 uC for a total of 90 min to remove epithelial cells. Intestinal tissues were then digested using 200 U collagenase, type 3 ml 21 and 0.01 mg DNase I ml 21 (both from Worthington) for 90-180 min. Digested intestinal cell suspensions were filtered through 70 mm cell strainers, centrifuged on a 40 : 75 % Percoll gradient (GE Life Sciences), and LPMCs were collected from the interface, similar to cells from the large intestine.
Flow cytometry. Splenocytes, MLN cells and intestinal leukocytes were treated with 2.4G2 hybridoma supernatant to block F C receptormediated antibody binding (Unkeless, 1979) . Cells were then stained for markers of B-cells (CD19, clone 6D5; BioLegend), NK cells (CD49b, clone DX5; BioLegend) and T-cells (TCR-b, clone H57-597; BioLegend) to exclude these cells from further analysis and CD11c (clone N418; eBioscience) to identify DCs. Additional myeloid cells (monocytes, macrophages, or neutrophils) were identified from the CD11c 2 population by staining for CD11b (clone M1/70, BD Pharmingen). Flow cytometry was performed using a FACSCanto (Becton Dickinson) and data were analysed using FlowJo software (Treestar). DCs were identified as CD11c Quantification of MNV. At 24 or 48 h p.i., tissues were removed, including duodenum, proximal and distal ileum, caecum, colon, spleen and MLN. The entire MLN, one-half of the caecum and spleen, and 1 cm of various portions of the intestinal tract were homogenized in 1 ml medium. To measure infectious virus, plaque assays were performed on RAW 264.7 cells as previously described (GonzalezHernandez et al., 2012; Mumphrey et al., 2007; Wobus et al., 2004) . Titres are presented as p.f.u. ml 21 . To measure genome titres in faeces, samples were submitted to the Research Animal Diagnostic Services (Charles River Laboratories, Wilmington, MA) for qRT-PCR and analysed as described previously (Thackray et al., 2007) .
Serology. Serum was collected from DT-or PBS-treated mice prior to and at various times following CR3 infection by retro-orbital bleeding. CR3 and MNV-1 are part of a single serotype (Thackray et al., 2007) . Thus, ELISA was performed on serially diluted sera using plates coated with CsCl-purified MNV-1 as described (Wobus et al., 2004) . For microneutralization experiments, a 1 : 100 dilution of serum was incubated with 10 4 p.f.u. CR3 in a volume of 100 ml for 30 min at room temperature. Infectious virus was then measured by plaque assay as previously described (Gonzalez-Hernandez et al., 2012) . The percentage infectivity was calculated by dividing the observed titre of serum-treated virus by the titre of virus incubated with PBS.
